Escherichia coli (Ec) has been used to study the function of cell division proteins from different microorganisms, especially when genetic tools are limited for studying these proteins in their native hosts. The expression of ftsA from Neisseria gonorrhoeae (Ng) disrupted cell division in E. coli resulting in a significant increase in cell length. In some cells, FtsA Ng localised to the division site and the poles of E. coli cells, but the majority of cells showed no specifical localisation. FtsA Ng did not complement an E. coli ftsA mutant strain. Bacterial two-hybrid and GST pull-down assays indicated that FtsA Ng interacted with FtsN Ec, but no other cell division proteins from E. coli. This interaction was mediated through the 2A and 2B subdomains of FtsA Ng. This evidence suggests that the function of FtsA Ng is species specific.
INTRODUCTION
FtsA, an essential bacterial cell division protein, is a member of the actin/Hsp70/sugar kinase ATPase superfamily (Sánchez et al. 1994) . It shares a universal structure containing 1A, 1C, 2A and 2B subdomains (Fig. S1A, Supporting Information; van den Ent and Lowe 2000; Fujita et al. 2014) . In Escherichia coli (Ec), the 1C domain of FtsA Ec is necessary for self-interaction, polymerisation, membrane association and late divisome protein recruitment (Rico et al. 2004) . The 2B subdomain is required for the interaction with the cell division protein FtsZ Ec (Pichoff and Lutkenhaus 2007) . In E. coli FtsA Ec interacts with several cell division proteins including FtsZ Ec , FtsQ Ec , FtsI Ec , FtsN Ec and FtsA Ec itself (Di Lallo et al. 2003; Karimova, Dautin and Ladant 2005) . Normal cell division in E. coli is driven by the formation of a Z-ring at the division site (Lutkenhaus and Addinall 1997) . This is followed by the recruitment of other essential proteins which form the divisome including FtsA, ZipA, FtsK, FtsQ, FtsB, FtsL, FtsW, FtsI and FtsN(Errington, Daniel and Scheffers 2003; Goehring, Gonzalez and Beckwith 2006; Grenga et al. 2013) . FtsN, the last protein recruited to the divisome, initiates FtsZ-ring constriction (Goehring, Gonzalez and Beckwith 2006; Gerding et al. 2009; Rico et al. 2010) . The focus of our present study is FtsA from Neisseria gonorrhoeae (Ng) for which there is no published information about interactions with other proteins.
Escherichia coli has been used as a host for studying the impacts of heterologous proteins on cell division often because the functionality of the protein in question is difficult to evaluate in its native host. Expression of several heterologous cell division genes in E. coli often produce a filamentous cell phenotype, including Mycoplasma pulmonis FtsZ (Wang and Lutkenhaus 1996) , Bacillus subtilis FtsZ (Beall, Lowe and Lutkenhaus 1988) , Chlamydia trachomatis FtsQ (Ouellette et al. 2015) and Caulobacter crescentus FtsN (Moll and Thanbichler 2009) . These heterologous cell division proteins were not able to complement mutations in their corresponding E. coli homologues, indicating their species-specific functions. However, not all cell division proteins have species-specific functionality. For example, ftsL from Bacillus licheniformis can complement a B. subtilis ftsL null strain (Sievers and Errington 2000) . An E. coli model has also been used to reveal the subcellular architecture and function of N. gonorrhoeae Min proteins (Ramirez-Arcos et al. 2001 . A filamentous phenotype caused by overexpression of minC Ng and successful complementation of an E. coli MinC mutant by MinC Ng suggested that E. coli can be a suitable model for investigating function and localisation of gonococcal cell division proteins.
The role of FtsA from various species (e.g. Agrobacterium tumefaciens, Rhizobium meliloti, Staphylococcus aureus) has been investigated using E. coli as an expression host (Ma et al. 1997; Yan, Pearce and Payne 2000) . Here, we report on the functional characterisation of FtsA from N. gonorrhoeae exploiting an E. coli expression model for its advantages in cell size, easy visualisation and relevant genetic tools. We determined that FtsA Ng , disrupted cell division in E. coli cells and increased cell length. FtsA Ng did not complement an E. coli ftsA mutant strain. Using bacterial two-hybrid (B2H) and GST pull-down assays, FtsA Ng did not interact with any other divisome protein of E. coli, except FtsN. These results indicate that FtsA Ng is not a strong inhibitor of cell division in E. coli and has species-specific functionality.
MATERIALS AND METHODS

Strains and growth conditions
Bacterial strains and plasmids used in this study are shown in Table 1 . E. coli strains were grown in Luria-Bertani (LB) broth (Difco, Franklin Lakes, NJ, USA). The following antibiotics were added to the medium as appropriate: ampicillin (100 μg mL −1 ), kanamycin (50 μg mL −1 ) and chloramphenicol (30 μg mL −1 ). N.
gonorrhoeae was grown on GC medium base agar (Difco) supplemented with Kellogg's defined supplement (Kellogg et al. 1963) .
Plasmids construction for microscopy, bacterial two-hybrid analysis and GST pull-down assay
For FtsA Ng localisation studies, ftsA Ng was PCR amplified from N. gonorrhoeae CH811 with primers P1/P2 (Table S1 , Supporting Information), ligated into pDSW209 (which contained GFP derived from pGFPmut2; Cormack, Valdivia and Falkow 1996) , creating pDSW209-A Ng (Table 1) . For complementation assays, primers P3/P4 were used to PCR amplify ftsA Ec from E. coli PB103 (Table S1 ). The amplicon was ligated into pDSW209 (Weiss et al. 1999) , yielding pDSW209-A Ec ( (Fig. S1B) , were PCR amplified from N. gonorrhoeae CH811 with the following primers (Table S1 ): T1-P20/P22; T2-P20/P23; T3-P20/P24; T4-P25/P26; T5-P25/P27; T6-P25/P21. Amplicons were ligated into B2H vectors to produce various recombinant plasmids (Table 1) . pcI p22 -Z and pcIp 434 -Z plasmids were previously constructed (Greco-Stewart et al. 2007) .
For GST pull-down assays, pGEXA and pGEXN Ec (Table 1) were constructed by amplifying ftsA Ng and ftsN Ec from N. gonorrhoeae CH811 and E. coli PB103 with primers P15/P16 and P18/19 (Table  S1 ) into pGEX2T plasmids.
Truncated ftsA Ng (T2, T3, T4, T5 and T6) were amplified from N. gonorrhoeae CH811 with the following primers: T2-P17/P29; T3-P17/P30; T4-P31/P32; T5-P33/P15; T6-P34/P15 (Table S1 ). Amplicons were ligated into pET30a, yielding various derivatives (Table 1) , respectively.
Gene integrity and fidelity for all constructs were verified by DNA sequence analysis (Eurofins MWG Operon, Louisville, KY, USA).
Protein purification
pGEXA and pGEXN Ec were transformed into E. coli BL21 (DE3) pLysS for expression of gst-ftsA Ng and gst-ftsN Ec , respectively. The overexpression of both fusion proteins was induced by 400 μM IPTG for an additional 2 h when the OD 600 of the culture reached 0.4. Purification of GST-FtsA Ng and GST-FtsN Ec were carried out following the manufacturer's instructions (Novagen, Darmstadt, Germany).
His-FtsN Ec was purified using conditions described by Rico et al. (2004) .
The condition for overexpression of his-ftsA Ng and its truncations was the same as for GST fusion proteins. His-tagged fusion proteins were purified under denaturing conditions (6M urea) following the manufacturer's instructions (Novagen). Purified proteins were renatured by dialysis with a step gradient of imidazole (0.3M, 0.1M and 0M) and urea (4M, 2M, 1M and 0M).
Production of anti-FtsA Ng antibodies
Female New Zealand White rabbits were injected with 300 μm of purified FtsA Ng in Freund's adjuvant (Sigma; v/v = 1:1) and boosted once on day 21 after the initial injection (Animal Care Unit, Western College of Veterinary Medicine, University of Saskatchewan). The antiserum was tested for anti-FtsA Ng antibody using western blot assays and purified as described previously (Ramirez-Arcos et al. 2001 ).
Microscopy
The morphology of E. coli PB103 harbouring pDSW209-A Ng (Table 1) was ascertained using an Olympus BX61 microscope (Olympus Canada Inc.) as described previously (Ramirez-Arcos et al. 2001) . The average length between IPTG induced and control samples was statistically analysed using the unpaired Student's t-test (P < 0.05).
For the localisation of FtsA Ng in E. coli, samples were prepared as described previously (Ramirez-Arcos et al. 2001) with Deconvolution and image analysis were done as described previously (Ekanayake et al. 2015) .
Complementation of Escherichia coli P163
P163 is an E. coli ftsA mutant that grows at 30
• C (permissive temperature) and 42
• C (non-permissive temperature) with ftsA Ec compensation. Plasmids pDSW209-A Ec , pDSW209-A Ng and pSEB306-D242E were transformed into E. coli P163 (Hale and De Boer 1999) , individually. Overnight cultures of E. coli P163 harbouring the indicated plasmids were diluted 1:100 and either incubated at 30
• C or 42 • C for 2 h. Twenty microlitres of serial 10-fold dilutions was spotted onto LB agar at each concentration of IPTG and incubated overnight at either 30
Growth was examined after 14-18 h. The experiment was replicated three times.
B2H assays
B2H assays were performed as described by Di Lallo et al. (2001) .
GST pull-down assays
Both GST-FtsA Ng and His-FtsN Ec were incubated with preequilibrated GST r Bind Resin (Novagen) at 4
• C overnight. Prepurified GST was used as a negative control in the pull-down assay. The pre-bound resin was collected by centrifugation and washed with the same buffer three times. Bound proteins were dissociated by adding 5X Laemmli buffer and were analysed using 10% SDS-PAGE and Western blotting with polyclonal anti-GST and anti-6 × His antibodies (Thermo Scientific, Waltham, MA, USA).
RESULTS
Expression of gfp-ftsA Ng disrupts Escherichia coli cell division
E. coli PB103 harbouring pDSW209-A Ng exhibited typical E. coli short rod morphology with no IPTG induction (Fig. 1A) . When 350 cells were randomly counted, the average length of uninduced control cells was 3.75 ± 0.05328 μm. By contrast, the average cell length of 350 induced cells excluding long filaments (>8 μm) was 3.95 ± 0.05819 and this was statistically significant (P = 0.0124; Fig. 1B ). Only 9 (2.5%) of 350 induced cells produced long filaments (i.e >8 μm): 5 (1.4%) were extremely filamentous with average cell length of 48.65 ± 7.799 μm (P < 0.0001, Fig. 1C ) and 4 (1.1%) had an average cell length of 11.5 ± 1.06 μm (P < 0.0001, Fig. 1C ). Using anti-FtsA Ng antibody, western blot analysis confirmed that ftsA Ng was expressed in E. coli harbouring pDSW209-FtsA Ng (Fig. 1D, lane 2) . Therefore, we named those cell with extremely long cell length (>8 μm) as 'long filaments' and cells that were shorter than 8 μm as 'slightly elongated'.
FtsA Ng localises at the division site in slightly elongated cells of Escherichia coli
Constructs with gfp fused at the either the N-terminus or C-terminus of ftsA Ng were developed to determine their localisation in E. coli. No differences in FtsA Ng localisation were noted with either N-terminal or C-terminal GFP-tagged FtsA Ng constructs (data not shown). E. coli PB103 expressing only gfp from pDSW209, induced with 300 μM IPTG, was of normal size and showed non-specific GFP localisation (data not shown).
When gfp-ftsA Ng expression was induced with 300 μM IPTG in E. coli, cells appeared as two different phenotypes: long filaments (2.5%) and slightly elongated cells (98.6%). In the filamentous cells, GFP-FtsA Ng was mostly detected as a punctate pattern along the membrane (Fig. 2A2 and A3 ). In the slightly elongated cells, 32% (192/582) of GFP-FtsA Ng localised at the cell poles (dashed arrow, Fig. 2B2 and B3 ), 4.3% (25/582) localised at mid-cell (solid arrow, Fig. 2B2 and B3) and 63% (365/582) had no specific localisation in the cytoplasm (data not shown). (Fig. 3A) . When the same strains were incubated on LB plates with IPTG ranging from 7.5 to 200μM at 42
Neisseria gonorrhoeae
• C (Fig. 3B-F) , E. coli P163 expressing ftsA Ec grew well when induced with a concentration of IPTG from 7.5 to 200 μm (Fig. 3B, lane 2) , demonstrating that FtsA Ec can complement the ftsA deficiency in E. coli P163. However, neither E. coli P163 expressing ftsA Ng (Fig. 3B-F, lane 1) nor the FtsAD242E mutant ( Fig. 3B-F Table 2A ). These results were confirmed by GST pull-down assay in which His-FtsN Ec was pulled down by GST-FtsA Ng protein, but not GST protein (Fig. 4A) . This confirmed the result obtained from B2H assays.
Neisseria gonorrhoeae FtsA interacts with Escherichia coli FtsN via its 2A and 2B subdomains
Our previous research using a B2H assay indicated that FtsA Ng interacted with FtsN Ng through its 2A and 2B subdomains (data not shown). To ascertain whether these domains were also implicated in the FtsA Ng interaction with FtsN Ec , B2H assays were performed using FtsA Ng truncations. Interactions of FtsN Ec with FtsA Ng truncations T3, T4 and T5 (corresponding to 2A and 2B subdomains) were positive (47%, 37% and 38% of residual β-galactosidase activities) (Table 2B ). These data were confirmed by GST pull-down assay in which His tagged FtsA Ng truncations His-FtsAT3, His-FtsAT4 and His-FtsAT5 were pulled down by GST-FtsN Ec but not GST protein (Fig. 4B) . While His-FtsAT2 and His-FtsAT6 were not pulled down by either GST-FtsN Ec or GST itself (Fig. 4B) .
DISCUSSION
Previous studies demonstrated that Escherichia coli is a useful model organism to analyse the function and localisation of heterologous cell division proteins (Beall, Lowe and Lutkenhaus 1988; Wang and Lutkenhaus 1996; Honrubia, Fernández and Gil 1998; Moll and Thanbichler 2009; Ouellette et al. 2015) . Furthermore, the E. coli expression model can uncover functions of cell division proteins from species where genetic tools for such studies are limited (Honrubia, Fernández and Gil 1998; Gaiwala Sharma, Kishore and Raghunand 2016 (Beall, Lowe and Lutkenhaus 1988; Ouellette et al. 2015) , suggesting that functions of cell division proteins from these species differed from their homologues in E. coli. The overexpression of ftsA Ec in E. coli has been previously shown to produce a filamentous cell phenotype (Wang and Gayda 1990) . We have also observed a significant number (36%, data not shown) of filamentous cells when ftsA Ng was overexpressed from a high copy number plasmid (pUC18) in E. coli. Since protein overexpression can cause stoichiometry issues which can lead to an abnormal cell morphology (Sopko et al. 2006) , we cloned ftsA Ng into a medium copy number plasmid (pDSW209) with a weakened trc promoter to achieve physiologically appropriate levels of expression. Yeast-two-hybrid (Y2H) assays are sometimes used as an alternative method to verify bacterial cell division protein interactions obtained from B2H assays since no bacterial cell division genes are present in yeast (Daniel et al. 2006) . Our previous research showed that Y2H assays could not detect a number of gonococcal cell division protein interactions due to high background (Ramirez-Arcos et al. 2004; GrecoStewart et al. 2007) . Therefore, GST pull-down assays were used as a confirmatory method for the interactions observed in this study.
The diverse functionality of FtsA from different species has been reported by others. In organisms such as Staphylococcus aureus (Fujita et al. 2014) and Deinococcus radiodurans (Modi and Misra 2014) , FtsA could destabilise their native FtsZ filaments by enhancing the GTPase activity of FtsZ. However, FtsA from D. radiodurans reduced the GTPase activity of E. coli FtsZ (Modi and Misra 2014) . In addition, while all FtsAs from different species exhibit ATP-binding capacity (Lara et al. 2005) , their abilities to hydrolyse ATP varies (Feucht et al. 2001; Lara et al. 2005; Beuria et al. 2009 ). Our results show that FtsA from E. coli and N. gonorrhoeae are not functionally interchangeable. This has also been shown for FtsA from B. subtilis (Beall, Lowe and Lutkenhaus 1988 (Karimova, Dautin and Ladant 2005; Ouellette et al. 2015) .
In summary, we demonstrated that expression of ftsA Ng in E. coli could disrupt host cell division, but was not able to complement the loss of FtsA Ec function. We also identified that FtsA Ng localisation in E. coli was dependent on FtsN Ec . This protein interaction was mediated via the 2A and 2B subdomains of FtsA Ng , which is different from its E. coli homologue. Therefore, we concluded that FtsA Ng has species-specific functionality in cell division.
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